The reactions between Hg(SCN) 2 and the 2-pyridyl oximes, 2-pyridine aldoxime (paoH), methyl 2-pyridyl ketone oxime (mepaoH), pyridine-2-amidoxime (NH 2 paoH) and di-2-pyridyl ketone oxime (dpkoxH), have been investigated. -N (bridging SCN -) distances in 3, this complex can also be described as pseudodimer. The second 2-pyridyl ring of each dpkoxH ligand in 4 remains uncoordinated. The 2D lattice of 1 and 2 is built through H-bonding and -stacking interactions. Hydrogen bonds and S...S interactions generate 3D networks in 3 and 4. The IR spectra of the complexes are discussed in terms of the coordination modes of the ligands involved (SCN -, 2-pyridyl oximes). 1 H NMR spectra in d 6 -DMSO indicate that the complexes decompose in solution.
INTRODUCTION
More than one century after the preparation and preliminary characterization of bis(dimethylglyoximato)nickel(II) by Chugaev, which was a landmark in inorganic gravimetric analysis, the chemistry of metal-oxime/oximate complexes continues to attract the intense interest of coordination, structural, supramolecular, analytical and physical chemists [1] [2] [3] . The interest arises from several reasons, ranging from the solution of pure chemical and spectroscopic problems to applied topics (catalysts, corrosion inhibition of Fe surfaces by oximes, metal recovery and detoxification using solvent extraction, etc.) and to aspects of metallosupramolecular chemistry and Molecular Magnetism [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Oxime and oximate groups can bind a metal ion [4] in several coordination modes shown in Fig. (1) . It is not an exaggeration to state that from the metals in the Periodic Table, the study of the reactions of mercury(I) and mercury(II) with oxime/oximate ligands has practically been neglected; selected examples are provided in refs. [11] and [12] .
*Address correspondence to these authors at the Department of Chemistry, University of Patras, GR-265 04 Patras, Greece; Tel: +30 2610996730; Fax: +30 2610997118; E-mails: perlepes@patreas.upatras.gr, tstamatatos@brocku.ca and vpsychar@ims.demokritos.gr Ligands possessing one oxime group and one pyridyl moiety, with or without other donor sites, are popular in coordination chemistry. Most of these ligands contain a 2-pyridyl group and thus are named 2-pyridyl oximes (Fig. 2) . The anionic forms of these molecules are versatile ligands for a variety of research objectives, including :, : 3 and : 4 behaviours [13, 14] . The activation of 2-pyridyl oximes by 3d-metal ions is also becoming a fruitful area of research [14, 15] . For many years, our groups have been engaged in the use of 2-pyridyl oxime/oximate and their isomeric ligands for the synthesis of 3d-, 4f-and 3d/4f-metal coordination complexes with emphasis on their magnetic or/and optical properties [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . With the exception of the tetrahedral complex [HgCl 2 (paoH)] [31] , where paoH is 2-pyridine aldoxime (R=H in Fig. 2 
), no mercury(II) or mercury(I) complexes of 2-pyridyl oximes have been reported so far.
Because of its various applications in thermometers, diffusion pumps, batteries and dental amalgams, mercury is simultaneously neurotoxic in almost all of its forms and the expression "mad as a hatter" has been derived from the effects of Hg(NO 3 ) 2 poisoning to hat-makers who use this salt for the treatment of fur [32, 33] . The most dangerous form of mercury is the CH 3 Hg + ion produced by anaerobic microbes [32] [33] [34] , and the competition between methylation and de-methylation (to inorganic forms of the element) controls concentrations in the environment [35] . As a consequence of the toxic effects of Hg(II), emphasis is currently placed on development of organic ligands that, selectively, either remove Hg II from contaminated water using liquid-liquid (or solvent) extraction or respond to the presence of this metal ion through a change of one or more properties of the system (such as redox potentials, absorption or fluorescence spectra) [36] [37] [38] [39] [40] . Fig. (1) . The crystallographically established coordination modes of oxime and oximato groups; note that the upper central mode combines one formally neutral oxime and one formally anionic oximato group, as, for example, observed in bis(dimethylglyoximato)-nickel(II).
Fig. (2).
General structural formula of 2-pyridyl oximes (left), abbreviations of some of them (middle) and the N,N'-bidentate chelating mode of the ligands observed in the mercury(II) complexes 1-4 (right). The ligands used in the present work are 2-pyridine aldoxime (IUPAC name: pyridine-2-carbaldehyde oxime; paoH), methyl 2-pyridyl ketone oxime (IUPAC name: 1-pyridin-2-yl-ethanone oxime; mepaoH), pyridine-2-amidoxime (IUPAC name: N-hydroxy-pyridine-2-carboxamidine; NH 2 paoH) and di-2-pyridyl ketone oxime (IUPAC name: di-pyridin-2-yl-methanone oxime; dpkoxH).
We have recently embarked on a programme aiming at the amalgamation of the above mentioned two research topics, namely the use of 2-pyridyl oxime ligands in Hg(II) chemistry, in order to explore the influences of the ligands' substituents (R in Fig. 2 ) and the inorganic anions that are present in the Hg(II) starting materials on the product identity. The short-term goals of our project are the access of new structural types of Hg(II) complexes, the study of their spectroscopic properties (e.g. fluorescence) and the investigation of Hg II -mediated reactions of the oxime group. Our long-term goal is the investigation of the possibility to use lipophilic 2-pyridyl oximes (i.e. ligands in which R consists of aromatic rings or aliphatic chains with many carbon atoms) for the solvent extraction of Hg(II) from waste waters, as it is the case for the toxic Cd(II) [41] . We report here the products formed from the reactions between Hg(SCN) 2 and the 2-pyridyl oximes paoH, mepaoH, NH 2 paoH and dpkoxH (for their structural formulae, common and IUPAC names, see Fig. 2 ). The ligands paoH and mepaoH contain only two donor sites, i.e. the 2-pyridyl nitrogen atom and the oxime group (which has two potential donor sites with the Oligation being favoured upon oxime deprotonation). Characteristics that differentiate the R groups in NH 2 paoH and dpkoxH (R= NH 2 and 2-pyridyl ring, respectively; Fig. 2 ) in comparison with the R groups in paoH and mepaoH (R= H and Me, respectively; Fig. 2) are the coordination capability, potential for deprotonation (only for NH 2 paoH) and ability for hydrogen bonding formation in the former two.
EXPERIMENTAL

General and Physical Measurements
All manipulations were performed under aerobic conditions using reagents and solvents (Alfa Aesar, Aldrich) as received. The ligands 2-pyridine aldoxime (paoH) and di-2-pyridyl ketone oxime (dpkoxH) are commercially available. The ligands methyl 2-pyridyl ketone oxime (mepaoH) and pyridine-2-amidoxime (NH 2 paoH) were synthesized via the reaction of the appropriate ketone with hydroxylamine as described in the literature [42] [43] [44] . Carbon, hydrogen and nitrogen microanalyses were performed by the Instrumental Analysis Laboratory of the University of Patras (Greece). IR spectra in the 4000-400 cm -1 region were recorded using a Perkin-Elmer 16PC FT-IR spectrometer; the samples were in the form of KBr pellets prepared under pressure. The 1 H NMR spectra of the free ligands and their mercury(II) complexes were recorded using a 400 MHz Bruker Avance DPX spectrometer; tetramethylsilane was used as the internal standard. 
Syntheses
[Hg 2 (SCN) 4 (dpkoxH) 2 ] (4)
A solution of Hg(SCN) 2 (0.063 g, 0.20 mmol) in Me 2 CO (4 mL) was slowly added to a solution of dpkoxH (0.080 g, 0.40 mmol) in the same solvent (14 mL). The resulting pale yellow solution was stirred for a further 5 min and stored in the fridge. X-ray quality, colourless crystals of the product were precipitated after 2 days, which were collected by filtration, washed with cold Me 2 CO (2 mL) and Et 2 O (2x5 mL), and dried in a vacuum desiccator over CaCl 2 . Typical yields were in the range 30-35% (based on the Hg II available). Anal. Calcd for C 26 
Single-crystal X-ray Crystallography
Crystals of 1 (0.18x 0.60x 0.64 mm), 2 (0.07x 0.12x 0.19 mm), 3 (0.17x 0.23x 0.47 mm) and 4 (0.07x 0.17x 0.48 mm) were taken from the mother liquor and immediately cooled to -113 o C. Single-crystal X-ray data were collected on a Rigaku R-AXIS SPIDER Image Plate diffractometer; the radiation was the graphite-monochromated Cu K . The collection and processing of the data were carried out using the package of the CrystalClear program [45] . The solution and refinement (full-matrix least-squares techniques on F 2 ) of the structures were performed by SHELXS-97 and SHELXL-97, respectively [46] . All non-hydrogen atoms were refined using anisotropic thermal parameters, while hydrogen atoms were either introduced at calculated positions or located in difference Fourier maps. Graphics were drawn using the package of the Diamond 3 program [47] . Unit cell parameters and structure solution and refinement data are listed in Table 1 
RESULTS AND DISCUSSION
Synthesis Comments
In the present study, we have investigated the reactions between the 2-pyridyl oximes paoH, mepaoH, NH 2 paoH, dpkoxH (Fig. 2) , and Hg(SCN) 2 in the absence of external bases; Hg II /SCN -complexes with these ligands were unknown in the literature. A variety of Hg(SCN) 2 /2-pyridyl oxime reaction systems involving different reagent ratios, solvent media and crystallization methods were systematically employed for a given ligand in arriving at the optimized procedures described in Section 2.2. Reactions of Hg(SCN) 2 and paoH, mepaoH, dpkoxH in 1:2 to 1:2.5 molar ratios in Me 2 CO afforded solutions from which were subsequently isolated complexes [Hg 2 (SCN) 4 4 (NH 2 paoH) 2 ] (3), MeOH had to be added in the reaction solution. The Me 2 CO/MeOH solvent mixture caused the precipitation of a black solid (most probably HgS), which was removed by filtration before crystallization of the product. The stoichiometric, i.e. 1:1, reactions give again the same products (as revealed by elemental analyses, and IR and 1 H NMR spectra), albeit in lower yields. Assuming that the dinuclear compounds are the only products from their respective reaction mixtures, the preparation of 1-4 can be represented by Eq. (1), where LH= paoH, mepaoH, NH 2 paoH, dpkoxH. The addition of external bases, e.g. Et 3 N or NaOMe, in the reaction systems gives thiocyanate-free (IR evidence) complexes which have not been crystallized to date. 
Description of Structures
Various structural plots for complexes 1-4 are shown in Figs. (3) - (11) . Selected interatomic distances and angles are listed in Tables 2 and 3 , while hydrogen bonding details are presented in Table 4 . The coordination mode of the neutral 2-pyridyl oximes in complexes 1-4 is illustrated in Fig. (2) , right. The molecular structures of complexes 1, 2 and 4 are very similar and thus only the structure of 1 will be described in detail. The structure consists of dinuclear [Hg 2 (SCN) 4 (paoH) 2 ] molecules (Fig. 3) . A terminal S-bonded (i.e. thiocyanato) ligand completes fivecoordination at each metal center. The metal coordination geometry can be described as very distorted square pyramidal; the basal plane consists of donor atoms N2, N4´, S1 and S2, and the 2-pyridyl nitrogen atom N1 occupies the apical position. The alternative distorted trigonal bipyramidal description of the coordination geometry places donor atoms N2 and N4´at the axial positions and atoms S1, S2 and N1 at the equatorial positions. The distortions from regular geometry are partly attributed to the d 10 nature of Hg II (zero crystal field stabilization energy with no preference to a particular geometry) and the small bite angle of the 5-membered chelating ring (N1-Hg1-N2= 67.7 ). The Hg-N(2-pyridyl) bond is stronger than the Hg-N(oxime) bond, the Hg1-N1 and Hg1-N2 bond lengths being 2.362(8) and 2.534(7) Å, a Primed and unprimed atoms for complex 1 are related by the symmetry operation 2-x, -y, 2-z. b Primed and unprimed atoms for complex 2 are related by the symmetry operation -x, 1-y, 1-z.
c For complex 1 (Fig. 3) . d For complex 2 (Fig. 4) .
respectively. Somewhat to our surprise, the Hg-S(terminal SCN -) and Hg-S(bridging SCN -) bond distances are very similar. The 8-membered Hg1-( 1,3 -SCN) 2 -Hg1´ ring, formed by the two metal ions and the two head-to-tail bridging SCN -groups, is almost planar, the maximum deviation from the mean plane of the eight atoms being 0.046 Å for N4 (and its symmetry equivalent) (Fig. 4) . Both terminal and bridging SCN ligands are almost linear. The Hg1-( 1,3 -SCN) 2 -Hg1´ metallacyclic ring is also almost planar in complex 2 ( Fig. 5 ; maximum deviation from the mean plane is 0.165 Å for N4 and N4´), but it deviates significantly from planarity in complex 4 ( Fig. 6; atoms N5 , C13, S2, Hg1 and their symmetry equivalents are 0.559, 0.111, 0.552 and 0.510 Å from the best mean plane through the eight atoms). The second 2-pyridyl ring (i.e. that containing N3) of dpkoxH in complex 4 is uncoordinated and the angle between the two planes is 71.8 o . The metal coordination geometry in 4 cannot be described in two ways (square pyramidal or trigonal bipyramidal); its best description is as distorted square pyramidal, with the 2-pyridyl nitrogen atom N1 at the apex of the pyramid. The structure of complex 3 can be described in two ways. Adopting the first description, the structure consists of distorted tetrahedral [Hg(SCN) 2 (NH 2 paoH)] molecules with Sbonded SCN -groups; the mononuclear molecules are in close contact to form a centrosymmetric pair. According to the second description (which is illustrated in Fig. 7) , the structure consists of centrosymmetric pseudodinuclear [Hg 2 (SCN) 4 (Fig. 5) . e For complex 4 (Fig. 6) . We have up to now discussed the molecular structures of 1-4. The crystal structures of these complexes are also interesting. The lattice structure of 1 (Fig. 8) is built through Hbonding ( Table 4) and -stacking interactions. The dinuclear molecules are linked through intermolecular O1-H1O...N3 (N3 is the uncoordinated nitrogen atom of the terminal thiocyanato ligand that is not labeled in Fig. 3) hydrogen bonds forming 1D chains which are further linked through -interactions developed between the 2-pyridyl rings of paoH to create a 2D network that extends parallel to the (110) plane. The centroid-centroid distance between the symmetry-related rings is 3.545 Å.
H-bonding and -stacking interactions are also present in the lattice structure of 2 ( Fig. 9 and Table 4 ). The hydrogen bond that links the dimers into 1D chains parallel to the c axis is of the same type with that in 1, i.e. the donor is the uncoordinated oxime oxygen atom and the acceptor is the uncoordinated nitrogen atom of the terminal thiocyanato ligand. The chains are further linked through -interactions Fig. (8) . A small part of the 2D-network structure of 1 due to Hbonding (cyan dashed lines for the electronic version of the paper) and -stacking interactions (yellow lines for the electronic version of the paper). Three chains, formed by hydrogen bonds, are shown in different colours. Fig. (9) . A small part of the 2D network that is present in the crystal structure of 2, formed through H-bonding (cyan dashed lines for the electronic version of the paper) and -stacking interactions (yellow lines for the electronic version of the paper). Three chains, formed by hydrogen bonds, are shown in different colours. 2-x, 1-y, -z a Abbreviations: A= acceptor; D= donor. b N3 is the "free" (i.e. uncoordinated) nitrogen atom of the terminal thiocyanato ligand (not labeled in Fig. 3) . c Intradimer hydrogen bond.
d N4 is the "free" (i.e. uncoordinated) nitrogen atom of the terminal thiocyanato ligand (not labeled in Fig. 7) .
between the 2-pyridyl rings of the mepaoH ligands to create a 2D network extending parallel to the (110) plane (as in 1) ; the centroid-centroid distance between the symmetry-related 2-pyridyl rings is 3.931 Å.
The lattice structure of 4 ( Fig. 10) is built through Hbonding interactions (Table 4 ) and S...S contacts. The dinuclear molecules are linked through intermolecular hydrogen bonds involving the oxime oxygen atom as donor and the nitrogen atom of the uncoordinated 2-pyridyl ring of dpkoxH as acceptor; these hydrogen bonds create a 2D network that extends parallel to the (010) plane. The 2D sheets are further linked through intermolecular S1...S2 (1.5-x, -0.5+y, z) contacts at 3.831 Å along the b axis to build an overall 3D framework.
In the structure of 3 there are three different, crystallographically independent hydrogen bonds. Considering the complex as consisting of pseudodimers (Fig. 7) , the O1-H1O...N5´ hydrogen bond (Table 4) can be described as intramolecular; this involves the oxime oxygen atom as donor and the nitrogen atom of the pseudobridging SCN -group as acceptor. The amino functionality is responsible for the formation of two intermolecular hydrogen bonds, acting as donor; the acceptors are the oxime oxygen atom and the "free" (i.e. uncoordinated) nitrogen atom of the terminal SCN -group that is not labeled in Fig. (7) . These two intermolecular hydrogen bonds form a 2D network which extends parallel to the (010) plane (Fig. 11, left) . The 2D layers are further linked through intermolecular S1...S2 (x, 1+y, z) contacts at 3.679 Å building an overall 3D framework (Fig. 11, right) . [ [48] [49] [50] [51] [52] . This unit is also present in polymeric complexes containing bis-bidentate bridging ligands [53] . The pseudodimeric nature of 3 has never been observed in complexes of Hg(SCN) 2 with bidentate chelating ligands.
Spectroscopic Studies
The IR spectrum of the representative complex 4 is shown in Fig. (12) . The presence of the neutral oxime group in complexes 1-4 is manifested by a broad IR band at 3560-3185 cm -1 , assigned to (OH) oxime [23, 26, 54] . Their broadness and relatively low wavenumber are both indicative of hydrogen bonding. The strong bands at 3464 and 3348 cm -1 in the IR spectrum of free NH 2 paoH are assigned to the as (NH 2 ) and s (NH 2 ) modes, respectively [55] . The absence of large shifts of these bands in the spectrum of 3 (they appear at 3434 and 3344 cm -1 , respectively) implies that there is no interaction between the amino group and the Hg II center [55] . The in-plane deformation of the 2-pyridyl ring of free paoH, mepaoH and NH 2 paoH (at 627, 632 and 596 cm -1 , respectively) shift upwards in the spectra of 1-3 (at 670, 676 and 634 cm -1 , respectively) confirming the involvement of the ring-N atom in coordination [23, 26, 55] . The appearance of three bands in the 630-690 cm -1 in the spectrum of 4 might reflect the presence of both uncoordinated and coordinated 2-pyridyl rings in this compound. Many bands appear in the 1660-1380 cm -1 region in the IR spectra of the complexes. Contributions from the (C=N) oxime , (OH), (NH 2 ), (CH 3 ) and aromatic ring stretching vibrations would be expected in this region, rendering exact assignments and discussion of the coordination shifts impossible. The mediumintensity band at 985 cm -1 in the spectrum of free paoH has been assigned to the (NO) oxime vibration [26] ; in the spectrum of the paoH-containing complex 1, this mode appears at almost the same wavenumber (982 cm -1 ). The absence of shift is in accord with the fact that the N-O bond length of the neutral paoH ligand in 1 (1.387(9) Å) is the same with that in the free paoH molecule (1.391 Å) [26] .
The IR spectra of 1, 2, 3 and 4 exhibit very strong bands at 2140/2110, 2120, 2112 and 2118 cm -1 , respectively, assigned [56] to the carbon-nitrogen stretching vibration, (CN), of the SCN -group. These wavenumbers are in the typical region observed for S-bonded (M-SCN) and bridging (M-SCN-M) SCN -ligands [56] . The stretching frequency of a bridging group is generally higher than that of a terminal Sbonded group [56] . Since the four complexes under study contain both bridging and S-bonded terminal SCN -groups, we would expect two (CN) bands. The appearance of two bands is clearly observed only in the spectrum of 1 (2140 and 2110 cm -1 ). The higher frequency band is assigned to the (CN) mode of the bridging SCN -group, whereas the lower The proton attached to the aromatic carbon atom that is ortho to the ring-N atom; dpkoxH and 4 possess two such protons because they contain two pyridyl rings.
c This is the proton attached to the oxime carbon atom. b= broad; d=doublet; s=singlet.
frequency band reflects the simultaneous presence of Sbonded terminal, thiocyanato group in the complex [56] . Thus, it is evident that the two types of SCN -ligands in 1-4 cannot be differentiated by IR spectroscopy. The (CS) and (NCS) modes of the SCN -ligands, expected in the 680-740 and 420-480 cm -1 regions, respectively, could not be assigned in an unambiguous way because these bands are weak and tend to be obscured by other bands [56] .
The solubilities of 1-4 in common "inert" organic solvents were too low to allow other than d 6 -DMSO solutions to be prepared and studied. The 1 H NMR spectrum of the representative complex 1 is shown in Fig. (13) . In general, the chemical shifts of coordinated ligand protons bound to diamagnetic metal ions are influenced by three factors [54] : (i) the electron density on the ligand (especially in the region near the coordination sites) diminishes upon coordination, inducing downfield shifts; (ii) steric effects lead to downfield shifts; and (iii) alignment of a proton above an adjacent aromatic ring leads to an upfield shift. Diagnostic 1 H NMR chemical shifts of complexes 1-4 are given in Table 5 .
The
1 H NMR spectra of the complexes are very similar (but not superimposable) with the spectra of their respective free ligands recorded under the same experimental conditions. This is a strong evidence (but not definite proof) that the complexes decompose in solution with possible formation of Hg II /SCN -/d 6 -DMSO species (the Hg II -S DMSO bond is thermodynamically stable) and release of free ligands. It should be mentioned that a downfield shift is observed for the oxime proton resonance in the spectra of the complexes (relative to the signal of this proton for the corresponding free ligand), in agreement with a greater acidity of the oxime group in the complexes; however, this downfield shift is smaller than that expected if coordination of the oxime nitrogen persists in solution [54] . Also a greater downfield shift for the 6-pyridyl proton(s) of the complexes would be observed if coordination of the ring-N atom occurred.
CONCLUSIONS AND PERSPECTIVES
The first use of four 2-pyridyl oximes in Hg II /SCN We have no reason to believe that this research theme is exhausted of new interesting results. We are currently targeting products from the HgX 2 / 2-pyridyl oximes general reaction systems (X= Cl, Br, I, NO 3 , ClO 4 , MeCO 2 , PhCO 2 ) with the goal to investigate their structural types. The coordination chemistry of 2,6-pyridyl dioximes (e.g. 2,6-diacetylpyridine dioxime and pyridine-2,6-diamidoxime) with Hg(II) is unknown and we are studying reactions of these tridentate chelating ligands with all mercury(II) starting materials that are available. The ability of paoH, mepaoH, NH 2 paoH and dpkoxH to undergo deprotonation and act as anionic ligands bridging two or three metal ions gives us hopes for the isolation of high-nuclearity Hg(II) oximate coordination clusters and the preparation of mixed-metal mercury(II)/lanthanide(III) complexes with interesting magnetic and/or optical properties.
